Phytases are the most valuable enzyme in virtually all monogastric formulations, but their value is subject to the interaction with many variables, which are not well represented in the literature. Care must be taken, therefore, in implementation of its matrix. Test conditions employed are often not vigorous enough to detect differences between different doses or products, and as a result, decisions based on such results may not reflect the true value of each dose or product. Continuous application of a phytase over a long period will undoubtedly result in some conditions where the phytase delivers more and some when it delivers less than expected. It is the latter of which the end user should be wary and take steps when reviewing the data available to minimize the likelihood of such events taking place.
DESCRIPTION OF PROBLEM
Modern-day broiler nutrition strives to become more and more efficient such that deficiencies and excesses of nutrients are avoided. This is an onerous task given that the requirements of the bird are changing with genetic advances, but more so because precise evaluation of the available nutrient contents of all raw materials utilized at the point of feed manufacture is currently not possible. Nevertheless, matching the requirements with the nutrient contents of the ingredients employed, and at least cost, is the goal of all commercial feed compounders. Further advances in our knowledge in both of these fields are therefore desirable. 1 Corresponding author: mike.bedford@abvista.com When the commercial nutritionist attempts to employ feed enzymes in any ration, the choice of matrix applied will influence not only the savings incurred at point of formulation, but also the likelihood of success in its implementation. Overestimation of the matrix will lead to lost performance and perhaps welfare problems, and underestimation to lost opportunity. It is important, therefore, that the matrix or matrices applied to the enzyme(s) used are realistic and achievable in the commercial setting in which they are employed. Feed enzymes not only influence the digestibility of the feed but also play a role directly and indirectly on post absorptive use of nutrients and feed intake [1] [2] [3] [4] [5] [6] . Often this means that the matrix realized in commercial application may not be determined appropriately under experimental conditions, and as a result the products may not always be optimally utilized.
JAPR: Review Article
Concomitantly, many factors influence the response to and hence the value of an enzyme, and thus caution must be exercised when implementing a matrix value in practice when it is based on data derived from the literature. Phosphorus and phytase is used in this paper as an example but equally NSP'ases and energy are subject to similar phenomena.
Phytase Research -Methods for Evaluation of Response
Most measurements in phytase research are taken in an attempt to evaluate the nutrient sparing effect of this enzyme. The ultimate goal is to determine the relationship between the enzyme dose and nutrients "spared" so that the return on investment can be calculated and the optimum inclusion rate identified. Although the focus of this paper will be on phosphorus, there is a basic assumption that all nutrients spared by use of phytases are spared in proportion to the phosphorus released. This is because the phosphorus is released as a result of phytate destruction, which in turn is the anti-nutrient that impedes digestion/absorption of the other "spared nutrients" (4, (7) (8) (9) (10) .
Several methods are used in order to determine the matrix value of a phytase, including growth and bone ash studies, where a standard curve generated by an inorganic source of phosphorus is employed, or by retention or digestibility studies, which do not require a standard curve to be employed [11] [12] [13] [14] . It is not the intention of this paper to go into details of the merits of each, but clearly there are differences in the potential result and thus interpretation. In brief, growth and tibia ash studies may provide data that is directly relevant to the end use (i.e., performance and bone strength data) and do evaluate the effects of the P levels and phytase dose over the period of time of the experiment, which may be as long as the complete production cycle. If performance is determined weekly, for example, there is also the ability to determine whether the matrix changes with age. The downside is that the calculated matrix determined in the trial depends upon the quality of the material used for the standard curve; the results therefore may not be easy to reproduce unless the same source of dicalcium phosphate, for example, is available for subsequent comparative work [14] . Ileal digestibility methods directly measure the phosphorus digestibility of the diet, and as such, a standard curve is not needed. The measurement is determined at one point in time, however, which may not be reflective of an equilibrium status; thus, care is needed to standardize the method. Retention methods may accumulate feces and urine over a longer period of time, which to some degree overcomes the issue of an equilibrium being achieved.
Two issues remain with digestibility methods, however. The first is intake. When either phosphorus or phytase is added to a P-deficient diet, intake is almost universally increased [15, 16] . If a digestibility trial does not offer feed on an ad libitum basis, and if intake is not recorded, then this effect will be missed. Secondly, many digestibility methods employ the test diet only over a short period of time, which means adaptation to the diet may not be complete, and longer-term, more systemic effects may not have reached their equilibrium.
It is clear from the above that the data generated in the literature need caution in their interpretation when the goal is to apply them into commercial practice. Even when one method alone is considered, results are clearly variable, and some of the factors involved in this variation, which are of relevance to commercial application, are noted below.
Factors Affecting Responses to Phytases
The most obvious factor influencing the scale of response to a phytase is the dose employed. All phytases appear to follow a log-linear relationship [17] between dose and response (which is often fitted as a quadratic response if the range of doses employed are not wide enough, e.g. [18, 19] ). The only difference between phytase sources is that some require more units of activity to achieve the same nutrient release. Phosphorus release curves for phytases with a 0.1, 0.12, 0.13, and 0.15% matrix (in this case, the matrix refers to the amount of AvP released at 500 FTU/kg) are shown in Figure 1 ; although the curves clearly differ, the principle of calculation is exactly the same, i.e., log-linear for all products Given the predictability of the curves, it is surprising that most commercial use of phytase is not based on optimum dose but on a fixed dose with a (usually) discounted matrix with which the end user is comfortable. Such caution is driven by the variance in the responses to phytases and the consequences of failing to deliver the desired level of phosphorus and calcium, namely rickets and other bone disorders. Some of the factors that contribute to such variances are discussed below and should be considered when applying a matrix value derived from the literature into commercial practice, where these conditions may differ.
How Much Variance Is There, and What Factors Contribute to It?
Gordon Rosen in 2002 noted in a comprehensive review of the phytase literature, the addition of phytase to its relevant control resulted in an average increment in feed intake of 81 g but the range was from -159 g to 502 g [20] . Similarly the effect on gain was a mean effect of 57.7 g and a range from -108 g to 352 g. Considering these two parameters alone he was able to identify many factors that influenced the scale and direction of response and most of these remain relevant today, namely:
1. Control animal performance 2. Year of test 3. Dietary P content (log) 4. Caged vs pens 5. Maize % (substituting for other cereals) 6. Duration of the trial 7. Dose of phytase used (log units) 8. Mortality of the control being in excess of 5% 9. Presence of a coccidiostat 10. Dietary fat content Variables 1-5 were negatively associated with the response to phytase and 6 through 10 positively. For example, the better the control animal performance or the higher the dietary P level, the poorer the response to phytase, whereas addition of a coccidiostat or higher dietary fat levels extend the effect of the phytase. Control animal performance was the most important predictor in all of his equations, and given this is a result of the accumulation of a multitude of other variables such as breed, sex, diet form, stocking density, nutrient density (other than P and Ca), age, temperature, humidity, etc., it is important for the commercial nutritionist to take note of the husbandry, breed, and nutritional peculiarities of the trial that would have contributed to the control performance and to consider whether such conditions are relevant for practical application in the field. Indeed, Rosen [17, 20] went on to note the impracticalities of many of the papers cited, in that:
-Only 18% of birds were as hatched -77% were males -22% were not fed phytase from 1 d old -81% of birds were in cages -92% were mash diets -15% deployed part purified diets -Only 20 and 28% of feeds contained an anticoccidial or antibacterial, respectively.
Since all of these factors influence the response to phytase, and thus influence the predicted matrix value, it is clear that account should be taken of the divergence in conditions between the experiments considered and commercial practice. Rosen [17, 20] quantified the effect of each in his regression equations, enabling the user to consider the value of the product under his/her specific conditions.
Ca and P -Major Determinants of the Response
There are many other factors that influence phytase responses, including vitamin D and most importantly the Ca and P content of the diet [21] [22] [23] [24] [25] [26] [27] . In all cases, the goal is to ascertain the ability of the phytase to release a given amount of phosphorus under the conditions relevant to the application so that optimal use of the enzyme is achieved.
One of the biggest problems, however, is that the response to added phosphorus, which is the goal of phytase addition, is equally dependent upon many of the same parameters that influence phytase efficacy [18, 28, 29, 30] . Indeed, the response to added phosphorus in phosphorus deficient diets is non-linear. This in part is due to an adaptive mechanism of the bird whereby the efficiency of P absorption decreases with incremental P. Indeed, the data from Rodehutschords lab [31] demonstrated this quite clearly in 8-and 12-week-old turkeys. Calculations from these data suggests that the efficiency of retention of P from mono-dicalcium phosphate fell from 60% in the highly deficient, low P diet to 35% and 20%, respectively for more adequate P diets where phosphorus accretion had clearly not reached the asymptote. Thus assignment of an "available" P value to an ingredient is clearly influenced by the P status of the animal, and is the reason why digestibility models need to work in highly deficient situations in order to be able to detect significant differences between sources.
Further problems are encountered when dietary calcium is considered. For example, increasing dietary calcium levels reduces the digestibility and utilization of additional phosphate if the latter is deficient and the former is adequate [19, 32, 33] . This may be due to the solubility product of the two ions working in tandem such that higher Ca or P levels result in greater levels of precipitation of the other as calcium phosphate once these gastric soluble ions enter the small intestine [34, 35] . Higher calcium diets also tend to be generated by increased inclusion rates of limestone, which is a significant buffer and has been shown to raise the pH of the gizzard of young broilers [34, 36] . This not only reduces solubility of Ca and P sources, but also reduces efficacy of pepsin digestion if pH is raised significantly. As a consequence, growth depression may be due to factors beyond P supply. Thus, the Ca and P levels in the basal diet will directly influence the response to any Ca or P released by the phytase. Additional problems accrue, however, as a result of the ability of both Ca and P to influence the efficacy of the phytase to degrade phytate.
An increase in dietary Ca may hamper the ability of the added phytase to attack the dietary phytate and release the same amount of phosphorus that it would have released in a lower Ca diet [18, 21, 27, 33, [37] [38] [39] . Further complications come into play with the phosphorus level employed in the test diet. Recent work suggests that the higher P level of the diet, the less active the phytase is on the phytate substrate, and hence the rate of release of phosphorus is compromised [40, 41] . End-product inhibition was suggested as the mechanism at play in this instance. Not only is less P released, but its availability is also reduced by the potential precipitation of CaP in the small intestine as discussed above. Thus, there is a disconnect between the "standard curve" and its response to the dietary Ca and P levels, and that of the phytase.
Methodological Idiosyncrasies
Mutucumarama et al. [42] compared P digestibility data obtained using their ileal digestibility method with that of the WPSA method [43] . The chief differences were that the former uses the test ingredient as the sole source of protein as well as the incremental P source, and it holds the Ca to NPP ratio at 2:1. The WPSA method, on the other hand, also includes 20% egg albumin as a protein source and the test ingredient adds P and protein to this background. The WPSA method also holds the Ca to total P ratio at 1.3 to 1 (using limestone and some disodium phosphate) which means that these diets start at a higher Ca and P content than those of Mutucumarama et al., and as more test ingredient is added the Ca to NPP ratio gets wider as the target is to keep the Ca:total P constant. This is an interesting difference as it means that the higher the P content of the test ingredient, the wider the Ca:NPP ratio becomes. In this study the Ca:NPP ratios in the corn and soy diets were 2:1 and Ca:tot P was a constant 0.6 to 1 but the WPSA diets Ca:NPP ratios ranged from 1.5-2 to one in the maize test diet range and 2.2-4.14 : 1 in the soy test diets. Using a standard commercial diet for the first 21 d of life and following on with a 7-d feeding of the synthetic test diets, it was clear that true P digestibility from the slope of the regression lines was clearly lower for the WPSA method compared with the test method (roughly 70% P digestibility for maize and soy for the Mutucumarama study and 40-50% for soy for WPSA). Whether this is due to the lower Ca level, lower Ca:NPP level or the lack of egg albumin (which may complex phytate and make endogenous hydrolysis less efficient) was not clear. However, it is clear the methods are not comparable, as there was a significant difference in the rate at which P digestibility increased with inclusion level of maize (background P was high and highly digestible in WPSA method). It is also possible that the relatively poor digestibility of P in the low-maize diet is due to intestinal damage caused by the high dextrose inclusion level. The divergence of the conditions and diets used in such methods from the application of these ingredients in commercial situations is thus a cause for concern.
The complexity of the relationship between Ca, P, and phytase efficiency is clearly demonstrated in the review papers by LetourneauMontminy et al. and Rousseau et al. [18, 19, 22] . In these reviews, 15 and 37 trials (212 and 203 treatments), respectively, for broiler starter and grower phases were included in a meta-analysis to model and examine the effects of two levels of Ca (10 and 8 g vs 6 and 4 g for the starter and grower high and low Ca levels, respectively), two levels of phytase (0 and 500 FTU of an Aspergillus niger phytase) over a range of NPP levels (1 to 6 g/kg) on gain and tibia ash. Maximum gain in both periods was achieved on the lower Ca diet with 4 and 2.5 g/kg NPP in the starter and grower, respectively. The benefits of phytase on both gain and tibia ash was greatest at the lower NPP levels and diminished with increasing NPP, again as would be expected. However, it was clear that the benefits of phytase addition were greatest in the high-Ca diets when NPP was below optimum, particularly for the starter period. Thus to be more certain of detecting differences between phytase or doses of a phytase, it would be prudent to use a low-NPP diet with a wider Ca:NPP ratio, which is counter to most of the research in the literature to date.
For the purposes of this paper, the key message is that addition of phytase leads to incremental gain but at diminishing rates as the NPP level of the diet increased. This would be considered obvious as similar diminishing returns in performance occur with addition of inorganic P under similar conditions. Of concern, however, is the fact that the growth enhancement of the additional phytase to a given NPP control did not correlate with the addition of a static amount NPP; it depended upon the initial NPP level of the control diet. Their conclusion was that the level of dietary Ca and P, and the ratio of these two minerals needed to optimize performance and bone ash were both lower when a phytase is used. Lower Ca and P levels are, of course, expected, but a lower ratio means proportionately more Ca needs to be taken out of the diet for optimum performance.
Adequately P-deficient Diets
Many trials set up to determine whether a phytase can recover a P deficiency do not address the problem adequately. This is usually the result of a failure to include a series of diets to serve as the phosphorus standard curve so that the actual deficiency encountered by the birds is as desired. A simple test where a phytase is dosed into a negative control diet that is nominally 0.2% deficient in AvP compared with a single, positive control will likely yield results that are not robust. It is unknown without the inorganic standard curve how deficient the negative control actually is. Thus assignment of a 0.2% matrix to the dose of phytase that returns performance to the PC in such a trial cannot be inferred with any degree of certainty. Growth and tibia ash studies therefore need a standard curve if they are to provide data of value.
Digestibility studies, regardless of method, also need to consider intake. Cowieson et al. [16] designed a PC and NC to contain 0.5 and 0.3% AvP, respectively, but on determination of the metabolizable P content of each diet noted 0.41 and 0.38%, respectively. Such divergence from the expected nutrient contents is a testament to the significant adaptive ability of the bird. In this work as little as 150 FTU/kg of diet of the phytase investigated was all that was needed to increase the metabolizable P content of the NC back to that of the PC. Performance and tibia ash, however, were not returned to that of the PC until 600 and 2,400 FTU/kg, respectively, were included. It was apparent that intake of the NC was significantly reduced when the NC was fed and this did not return to that of the PC even at the highest dose employed. As a result metabolizable phosphorus intake was significantly lower on the 150FTU/diet than the PC even though diet metabolizable phosphorus content was equivalent. Indeed, metabolizable intake was equilibrated with the PC only when 2,400 FTU/kg or more was fed which fit well with the tibia ash data. Digestibility or metabolizability of P per se is therefore potentially misleading if it is not accompanied by intake data so that P intake and P excretion can be determined to calculate net P balance of the animal. Two further points emanate from this trial and similar studies. Firstly, any study investigating the efficacy of a phytase where intake is restricted needs treating with caution for obvious reasons. Secondly, given the PC returned a metabolizable P level significantly below target it is not clear whether it in fact was at the requirement level or below or in excess of it. Nor is it clear just how deficient the NC was. As a result it is not possible to assign a matrix value from such experiments without a standard curve to show when deficiency is relieved.
Age and Period of Measurement
At a meeting of the European Phosphorus working group it was noted that the digestible phosphorus requirements of a bird could easily be calculated by simply measuring the incremental body phosphorus content over a period of time. Narcy [44] noted that their group had measured P levels in 500 and 2,500 g PM3 broilers and found them to be relatively constant at 5 g/kg. Given that when a bird is fed close to requirement there is very little urinary excretion as noted by Rodehuschord [45] in the same meeting, it is a relatively easy task to calculate the digestible P requirements of a bird over any given age range by simply dividing the body weight increment in P (which will be proportionate to gain) by the intake of the bird over that same period. Taking expected intakes and gain from the 2012 Aviagen 308 tables, the graph below can easily be constructed.
The striking observation is the dynamic nature in which the requirements fall. A diet that starts off as deficient at 1 d of age, for example at 0.25% dig P, is no longer deficient at 15 d of age, which challenges the sensitivity of any such trial run from 0-21 d of age. Furthermore, and developing the concepts discussed above with regards to the adaptive ability of the bird to meet its needs, the measurement of the effect of a phytase on the digestible P content of a diet will depend upon the degree of the P deficiency of the diet in the first place which in turn will depend upon the age at which the measurement was taken. Given the digestibility data will always be constructed from a limited time period whereas growth is a composite of the whole trial, it is to be expected that the two may not necessarily draw similar conclusions. Indeed, it has been demonstrated that the relative phosphorus availability values for several mineral P sources based on bone ash, body weight, or blood P resulted in different rankings compared with retention or digestibility data [12] .
A further consideration relates to the common practice in many studies of feeding a standard commercial diet to 5 d or even 8 d of age before placing birds on test to investigate the efficacy of a phytase. Given it is not commercial practice to introduce a phytase at 5 d of age or later, the results from such trials need to be considered with caution. Taking into account the estimated requirements for digestible phosphorus on a daily basis are graphed above, it is evident that the starting a trial at d 8 will necessitate the use of a NC with a much lower level of digestible P to elicit a response than that required if the diets were fed from 1 d of age. Moreover, during the period that the commercial diet is fed, bone stores of calcium and phosphorus will be deposited, which would not have been the case had the deficient diet been fed from 1 d of age. This will limit the ability of a test to separate performance between two doses of a phytase, or indeed between two phytases, as a result of the buffering effect that the bone stores will have on the deficiency applied during the test. Overestimation of the matrix of the phytase is the most likely outcome. The effect of age on the efficacy of a phytase was highlighted by the work of Beaulac [46] who investigated the effects of increasing phytase dose (0, 500, 1,500 and 3,000 FTU/kg feed) on performance and nutrient digestibility of broilers at 5 and 20 d of age. They measured, amongst other nutrients, the effects of increasing phytase dosage on IP6 hydrolysis. The striking finding was that in the younger bird, the standard commercial dosage of 500 FTU/kg was less effective in hydrolyzing IP6 at 5 d of age than at 20d [44] . Such differences may be due to agerelated changes in gizzard retention time (where most IP6 hydrolysis occurs) and perhaps pH and osmolarity, both of which influence phytase efficiency. This means that any trial that starts after 1 d of age will not fully represent the reduced efficacy of a phytase in juvenile birds and will thus overestimate the value of the same phytase if it were to be fed from 1 d of age, which is the case in commercial situations. Thus trials examining the potential of a phytase to release phosphorus should start at 1 d of age so that this period of poorer efficacy can be accommodated in the data.
Security of Matrix Estimate
One final issue relates to the calculations used to estimate a matrix. In most cases, a regression line of best fit is employed, and this is then used to calculate the P release of any given dose of the phytase. A common misunderstanding with such calculations is that this estimate is the mean response of the phytase at any given dose. By definition, the line of best fit has just as much variance above as below the line, which approximates to 50% of the data if the variance is truly random. Thus, 50% of the time the response was greater than the estimate, and likewise 50% of the time it was less. Thus if a commercial user wishes to have greater security then consideration of some sort of discount in the matrix is needed.
All points above considered, it is clear that the absolute requirement for phosphorus and calcium will depend very much upon the conditions (environmental, husbandry, and nutritional) under which the bird is living. The efficiency with which a phytase can hydrolyze phytic acid, thus releasing P and Ca is dependent upon many of the same conditions that influence the requirement for P and Ca. In some situations the effects of these mitigating variables differs with regards to their influence on phytate hydrolysis compared with their effect on P requirements. As a result the value of a phytase will very much depend upon the environment in which it is employed. Thus, commercial users should interpret the literature keeping in mind the differences in the conditions of the studies reported and the environment under which the enzyme will be employed commercially. In light of the above, all data available should be reviewed before making any decisions, but care should be taken to make sure that when an evaluation of different products or doses is undertaken, the test is meaningful and discriminative. If a test is not rigorous enough, then the dose or product selected may be insufficient to release the amount of phosphorus expected on a consistent basis. Many if not all commercial producers employ some degree of safety margin in their formulations, and selection of the wrong dose or product due to poor test conditions will result in advantage being taken of this safety margin more times than may be comfortable for the producer. Indeed, the application of relevant tests should afford the commercial producer some comfort in reducing the "safety margins" with no impact on performance or bone strength.
